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a  b  s  t  r  a  c  t
A  novel  solvent-assisted  stir  bar sorptive  extraction  (SA-SBSE)  technique  was  developed  for  enhanced
recovery  of  polar  solutes  in  aqueous  samples.  A conventional  PDMS  stir  bar was  swollen  in several  sol-
vents  with  log  Kow ranging  from  1.0  to 3.5 while  stirring  for 30  min  prior  to  extraction.  After  extraction,
thermal  desorption  – gas  chromatography  – (tandem)  mass  spectrometry  (TD-GC-(MS/)MS)  or  liquid
desorption  – large  volume  injection  (LD-LVI)-GC–MS  were performed.  An  initial  study  involved  investi-
gation  of  potential  solvents  for SA-SBSE  by  weighing  of the  residual  solvent  in  the  swollen  PDMS stir  bar
before  and after  extraction.  Compared  to conventional  SBSE,  SA-SBSE  using  diethyl  ether,  methyl  isobutylSA-SBSE)
olvent swollen PDMS
olar solutes
roma compounds in beer
esticides in wine
ketone,  dichloromethane,  diisopropyl  ether  and  toluene  provided  higher  recoveries  from  water  samples
for  test  solutes  with  log Kow < 2.5. For  SA-SBSE  using  dichloromethane,  recoveries  were  improved  by  fac-
tors  of 1.4–4.1,  while  maintaining  or even  improving  the recoveries  for  test  solutes  with  log  Kow > 2.5.
The  performance  of  the  SA-SBSE  method  using  dichloromethane,  diisopropyl  ether,  and  cyclohexane  is
of aro
ublisillustrated  with  analyses  
©  2016  The  Authors.  P
. Introduction
Several miniaturized and solventless (or solvent minimized)
ample preparation techniques have been described for isolation
nd extraction of trace organic compounds in various matrices
rior to chromatographic analysis. These include liquid phase
icroextraction (LPME) [1], dispersive liquid–liquid microex-
raction (DLLME) [2], single drop microextraction (SDME) [3],
eadspace (HS) [4], solid phase microextraction (SPME) [5], etc.
uccessful application of the different techniques depends on suit-
ble matching to analyte and matrix characteristics.
Stir bar sorptive extraction (SBSE) was introduced in 1999 as
 miniaturized and solventless extraction technique initially for
queous samples [6]. SBSE allows extraction and concentration in
 single step providing very high sensitivity especially with ther-
al  desorption on-line coupled to gas chromatography (TD-GC).
BSE has been successfully applied in different ﬁelds including food,
avor, environmental, life and biomedical science [7–10]. Several
∗ Corresponding author.
E-mail address: nobuo ochiai@gerstel.co.jp (N. Ochiai).
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021-9673/© 2016 The Authors. Published by Elsevier B.V. This is an open access article uma  compounds  in  beer  and  of pesticides  in wine.
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).
authors indicated that SBSE using polydimethylsiloxane (PDMS) as
extraction phase allows high recovery and extremely low limits of
detection (LOD) down to the sub-ng L−1 level for extraction and
enrichment of relatively apolar solutes characterized by a loga-
rithm of octanol-water partitioning coefﬁcient (log Kow) > 3.0. For
more polar solutes (log Kow < 3.0), SBSE with in-situ derivatization
was developed [7]. Derivatization reactions are function of the class
of compounds targeted (e.g. phenolic solutes) and are therefore
not generally applicable. Several alternative stir bar coatings with
different polarities (e.g. alkyl-diol-silica (ADS) restricted access
material (RAM) [11], monolithic materials [12], polyurethane [13],
PDMS/polypyrrole [14], and PDMS/-cyclodextrin [15]) have been
developed to extend the applicability of SBSE to polar solutes
[16]. However, these extraction phases are mostly only compati-
ble with liquid desorption (LD) and/or have inferior performance
characteristics related to robustness, bleeding, stability, etc. com-
pared to PDMS [10]. A commercially available stir bar coated with
polyethyleneglycol-modiﬁed silicone (EG Silicone from GERSTEL
GmbH & Co. KG, Mulheim an Ruhr, Germany) can be used with TD-
GC analysis but the stir bar tends to encounter physical change on
the coating when re-used several times. To overcome this, multi-
SBSE (mSBSE) incorporating a special sampling mode for the EG
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ilicone stir bar (as well as for the PDMS stir bar) was  developed in
013 [17]. The EG Silicone stir bar is attached on the inner side wall
f the vial by using a magnetic clip placed on the outer side wall
f the vial, while a robust PDMS stir bar is stirring at the bottom of
he vial for agitation of the sample as well as for extraction of the
olutes. These research works highlight the challenges in develop-
ng new phases for SBSE. During research it became clear that the
ollowing criteria should be met: (1) a coating should be thermally
table to allow thermal desorption, (2) the coating should be robust
nough to avoid physical damages (e.g. scratches and/or cracks)
uring stirring in the vial, (3) the coating should give a signiﬁcant
mprovement versus PDMS, and (4) production of the coated stir
ar should be possible in an easy and reproducible way (as in the
ase of PDMS coated stir bar).
Xu and Lee developed an alternative LPME approach using a
ilica monolith as an extraction phase holder instead of hollow
ber. This LPME method termed solvent-bar microextraction using
 silica monolith (SBME/SM) with 1-octanol as the extraction sol-
ent followed by LD-liquid chromatography (LC) was demonstrated
or analysis of polycyclic aromatic hydrocarbons (PAHs) in river
ater (spiked at 50 ng/mL) [18]. Spangenberg et al. demonstrated
 similar approach using a monolithic stir bar with immobilized
-butanol for extraction of 17-ethinylestradiol in water [19].
Interesting techniques were introduced by Bicchi et al. The
uthors developed two kinds of PDMS-tubing devices in combina-
ion with carbon material or solvent inside. The former device (with
arbon material) termed Dual Phase Twister was demonstrated for
eadspace sorptive extraction (HSSE) of coffee and sage, and SBSE of
hisky [20]. The latter device (with solvent) was demonstrated for
SSE of sage, thyme, and coffee. The method using PDMS-tubing
nd solvent was termed solvent-enhanced HSSE (SE-HSSE) [21].
n contrast with other approaches using PDMS-tubing and solvent
22,23], the inner solvent in SE-HSSE is not used as an acceptor
f the analytes, but acts as a modiﬁer of the polarity of the PDMS
n which it diffuses. SE-HSSE using ethyl acetate and cyclohexane
mproved both the analyte range enriched and the sensitivity for
he above mentioned applications.
In this study, we extended the concepts of both SBME and SE-
SSE to SBSE using a solvent swollen PDMS stir bar. We  call the
echnique solvent-assisted stir bar sorptive extraction (SA-SBSE).
fter extraction, TD-GC coupled to (tandem) mass spectrometry
MS/)MS or liquid desorption (LD) followed by large volume injec-
ion (LVI)-GC–MS were performed. The solvent absorbed in the
wollen PDMS phase partitions into the aqueous phase and reaches
n equilibrium between PDMS and aqueous phase during extrac-
ion. Hereby, the solvent acts not only as a modiﬁer of the PDMS
increasing diffusion), but also as an additional extraction medium,
esulting in enhanced recovery of solutes from the aqueous phase.
specially for relatively polar solutes with log Kow < 3.0, recoveries
re signiﬁcantly improved. Twelve solvents with log Kow ranging
rom −0.24 (acetone) to 3.90 (hexane) were initially examined on
heir usefulness for SA-SBSE. Eight with log Kow: 0.86–3.90 were
elected for SA-SBSE of spiked water with a wide range of test com-
ounds (log Kow: 0.56–4.21). The performance of SA-SBSE is further
llustrated with two real world applications namely the analysis of
roma compounds in beer and the determination of pesticides in
ine.
. Experimental
.1. Reagents and materialsAcetone, acetonitrile, cyclohexane, dichloromethane, diethyl
ther, diisopropyl ether, ethyl acetate, hexane, methyl acetate,
ethyl isobutyl ketone, tetrahydrofuran, and toluene were. A 1455 (2016) 45–56
obtained from Wako Pure Chemical industries Ltd. (Osaka, Japan).
2-acetyl pyrrole, 2-acetyl thiazole, benzyl alcohol, butanoic acid,
carbaryl, citronellol, coumarin, -damascenone, decanoic acid,
ethiofencarb, ethyl hexanoate, ethyl octanoate, furaneol, guaiacol,
hexanoic acid, cis-3-hexenol, 1-hexanol, indole, linalool, maltol,
methionol, 2-methyl propanoic acid, 3-methyl butanoic acid, -
nonalactone, octanoic acid, phenethyl acetate, phenethyl alcohol,
and vanillin were obtained from Kanto Kagaku (Tokyo, Japan).
Azoxystrobin, benalaxyl, bitertanol I/II, chlorpyrifos, cyprodinil,
dichlobenil, diethofencarb, difenoconazole I/II, dimethomorph
Z/E, diphenylamine, epoxiconazole, fenbuconazole, ﬂucythri-
nate I/II, ﬂudioxonil, ﬂusilazole, iprodione, iprodione metabolite,
kresoxim-methyl, metalaxyl, metolachlor, myclobutanil, paclobu-
trazol, penconazol, o-phenylphenol, procymidone, pyraclostrobin,
pyrimethanil, tebuconazole, tetraconazole, triadimefon, and triadi-
menol I/II were obtained from Hayashi Pure Chemical IND. Ltd.
(Tokyo, Japan). For aroma compounds (including 12 test solutes
used in the Section 3.1.2), a stock standard solution containing each
solute was prepared at 1000 g/mL or 10,000 g/mL in ethanol and
kept at 4 ◦C. The stock standard solutions were then mixed and
diluted with ethanol to prepare several levels of working standard
mixtures. One to forty microliters of the working standard mixtures
were ﬁnally added to a sample according to the calibration level.
For pesticides, a stock standard solution containing each solute was
prepared at 1000 g/mL in acetone and kept at −20 ◦C. The stock
standard solutions were then mixed and diluted with acetone to
prepare several levels of working standard mixtures. One  to ten
microliters of the working standard mixtures were ﬁnally added to
a sample according to the calibration level. Pilsner type beer and
white wine were purchased from local stores in Tokyo, Japan.
2.2. Instrumentation
The thermal desorption (TD)-GC–MS analysis was performed
with a thermal desorption unit (TDU) equipped with a MPS  2
auto-sampler and a Peltier cooled CIS 4 programmed temperature
vaporization (PTV) inlet (GERSTEL, Mülheim an der Ruhr, Germany)
installed on an Agilent 7890A gas chromatograph with a 5975C
single quadrupole MS  (QMS) (Agilent Technologies, CA, USA) or
a 7000 B triple quadrupole MS  (QQQ-MS) (Agilent). The GC-QMS
was equipped with a capillary ﬂow technology (CFT) plate with
make-up gas for back-ﬂush capability.
2.3. Sample preparation
Stir bars (Twister) coated with 63 L PDMS (10 mm
length × 1.0 mm thickness) were obtained from GERSTEL. PDMS
stir bars from the same box (having the same production batch
and lot number) were used as one batch for SA-SBSE. For SA-SBSE,
10 mL  headspace (HS) vials with screw cap containing PTFE-coated
silicon septa (GERSTEL), and a multiple position magnetic stirrer
(20 positions) from Global Change (Tokyo, Japan) was applied.
Prior to use, the stir bars were conditioned for 30 min  at 280 ◦C in a
ﬂow of helium. Five milliliters of sample was transferred to a 10 mL
HS vial and 30% NaCl was dissolved in the sample. To prepare
swollen PDMS stir bars, the conditioned PDMS stir bars were
initially stirred at room temperature (25 ◦C) with 1–2 mL  of solvent
in the sealed 10 mL  HS vials for 30 min while stirring at 800 rpm.
Then, the swollen PDMS stir bar was added to the sample vial and
the vial was  sealed. SA-SBSE was  performed at room temperature
(25 ◦C) for 60 min  while stirring at 800 rpm. After extraction, the
stir bars were removed with a magnetic rod (Twister taking tool,
GERSTEL) and forceps, rinsed brieﬂy in ultrapure water, and dried
with a lint-free tissue. For TD-GC-(MS/)MS analysis, the stir bars
were placed in a glass thermal desorption liner. The glass liner
was placed in the TDU tray. For LD-LVI-GC–MS analysis, the stir
atogr. A 1455 (2016) 45–56 47
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ars were placed in the sealed 10 mL  HS vial containing 0.5 mL  of
cetone. The stir bars were stirred at room temperature (25 ◦C)
or 30 min  while stirring at 800 rpm. After solvent back extraction,
he acetone extract was transferred to a 2 mL  vial. The sealed 2 mL
ial was placed in the MPS2 tray. Reconditioning of stir bars after
se was done by soaking in ultrapure water and acetonitrile for
–2 h each; stir bars were then removed from the solvent and
ried on a clean surface at room temperature for 1 h. Finally, the
tir bars were thermally conditioned for 30 min  at 280 ◦C in a ﬂow
f helium. Typically, the same PDMS stir bar could be used more
han 50 times for SA-SBSE.
.4. Thermal desorption (TD)
It is very important to use a two-step thermal desorption
TD) program with moderate temperature programming rate (e.g.
0–40 ◦C/min) which enables in the ﬁrst step solvent venting and in
he second step analyte desorption. The use of a single step TD pro-
ram with fast temperature programming rate (e.g. >100 ◦C/min)
or solvent swollen PDMS stir bars may  cause cracking of the PDMS
hase.
For the analysis of test compounds in spiked water and
esticides in wine, the stir bars were thermally desorbed by pro-
ramming the TDU from 30 ◦C (held for 0.5 min) at 10 ◦C/min to
0 ◦C or 100 ◦C (held for 5 min), at 35 ◦C/min to 250 ◦C or 280 ◦C
held for 3 min) with 100 mL/min desorption ﬂow. Desorbed com-
ounds were focused either on a Tenax TA packed liner at 20 ◦C
r on a quartz wool packed liner at 10 ◦C in the Peltier cooled
TV inlet for subsequent GC–MS(/MS) analysis. After desorption,
he PTV inlet was programmed from 20 ◦C to 240 ◦C (held during
he total GC run time) or 10 ◦C to 280 ◦C (held for GC run time) at
20 ◦C/min to inject trapped compounds onto the analytical col-
mn. The injection was performed either in the split mode with a
plit ratio of 1-1 using the low split option (GERSTEL K.K., Tokyo,
apan) or in the splitless mode with the split valve closed for 3 min.
.5. Large volume injection (LVI) using a thermal desorption unit
nd micro-vial insert
For the analysis of aroma compounds in beer, 100 L large
olume injection (LVI) of the acetone extract (obtained from the sol-
ent back extraction) was performed with the TDU system that acts
s a two-stage inlet. This system allows optimization of inlet con-
itions for solvent venting, analyte refocusing and transfer to the
olumn independent of the presence of matrix components [24].
fter automated injection into a glass micro-vial that can be heated
n the TDU, non-volatile matrix compounds are left in the micro-vial
nd do not contaminates the inlet. Volatiles are splitless transferred
o the inlet where they are refocused before introduction into the
C column. Finally, the TDU liner containing the micro-vial insert is
eturned to the auto-sampler tray. The TDU was programmed from
0 ◦C (held for 0.5 min) at 140 ◦C/min to 80 ◦C (held for 7 min) with
00 mL/min desorption ﬂow. Desorbed compounds were focused
n a Tenax TA packed liner at 20 ◦C in the Peltier cooled PTV inlet
or subsequent GC–MS analysis. After desorption, the PTV inlet was
rogrammed from 20 ◦C to 240 ◦C (held for total GC run time) to
nject trapped compounds onto the analytical column. The injec-
ion was performed in the pulsed split mode with a split ratio of
–3.
.6. GC-QMS analysisFor analysis of test compounds in spiked water and aroma com-
ounds in beer, separations were performed on a 20 m × 0.18 mm
.d. × 0.30 m ﬁlm thickness DB-Wax column (Agilent). The col-
mn  temperature was programmed from 40 ◦C (held for 3 min) atFig. 1. A comparison between a solvent (diisopropyl ether) swollen PDMS stir bar
(a)  and a conventional (conditioned) PDMS stir bar.
5 ◦C/min to 240 ◦C (held for 17 min). After 50 min, the capillary col-
umn  was back-ﬂushed. Helium was  used as carrier gas at a ﬂow of
1.0 mL/min. The MS  was operated in scan mode using electron ion-
ization at 70 eV. Scan range was set from m/z 29–300 and a sampling
rate of three, resulting in scan rate of 2.68 scan/s.
2.7. GC-QQQ-MS analysis
For analysis of pesticides in wine, separations were performed
on a 30 m × 0.25 mm  i.d. × 0.25 m ﬁlm thickness DB–5 ms col-
umn  (Agilent). The column temperature was  programmed from
50 ◦C (held for 1 min) at 25 ◦C/min to 125 ◦C, at 10 ◦C/min to 300 ◦C
(held for 10 min). Post run was  performed at 320 ◦C for 10 min.
This is the temperature program that can be used in combination
with the intelligent MRM  pesticide database (Agilent Technologies
Japan, Ltd.). Helium was  used as carrier gas. The head pressure was
adjusted to elute chlorpyrifos methyl at a constant retention time
of 13.443 min  [25]. The QQQ-MS was operated in selected reaction
monitoring (SRM) mode with the selected transitions (precursor
to product ion) [26]. Transitions of the detected 32 pesticides in
the wine sample are listed in Table 3 . The electron accelerating
voltage of the EI was  70 eV. Nitrogen was used as collision gas at
1.5 mL/min, and a collision energy of 0–40 V was used for MS/MS
experiments.
2.8. Data analysis
MSD  ChemStation version E.02.02.1431 (Agilent), MassHunter
qualitative analysis version B.06.00633 (Agilent), MassHunter
Quantitative Analysis version B.07.00.457 (Agilent), and Aroma
Ofﬁce 2D data base version 4.01.00 (Gerstel KK, Tokyo, Japan)
were used for data analysis. Aroma Ofﬁce 2D contains the most
comprehensive database of aroma compounds available (>101,000
entries). This software is a searchable database which contains lin-
ear retention indices (LRI) information for a wide range of aroma
compounds from many literature references. The log Kow values
were calculated with an SRC-KOWWIN version 1.68 software pack-
age (Syracuse Research, Syracuse, NY).
3. Results and discussion
3.1. Evaluation of SA-SBSE3.1.1. Selection of potential solvents for SA-SBSE
Fig. 1 shows a comparison between a solvent swollen PDMS  stir
bar (30 min stirring in diisopropyl ether) and a conventional (con-
ditioned) PDMS stir bar. Swelling and de-swelling of PDMS with
48 N. Ochiai et al. / J. Chromatogr. A 1455 (2016) 45–56
Table 1
The amount of the absorbed solvent in the swollen PDMS sir bar before and after SA-SBSE.
No. Compound log Kow S ratioa Before SA-SBSE After SA-SBSE R ratiob
Solvent absorbed (mg) RSD % (n = 3) Solvent residual (mg) RSD % (n = 3)
1 Acetone −0.24 1.06 21 0.10 0.50 0.26 0.024
2  Acetonitrile −0.15 1.01 20 5.0 0.90 0.20 0.046
3  Methyl acetate 0.37 – 37 0.30 2.4 0.058 0.064
4  Ethyl acetate 0.86 1.18 67 1.3 13 0.95 0.20
5  Tetrahydrofuran 0.94 1.38 100 0.64 5.6 0.32 0.056
6  Diethyl ether 1.05 1.38 84 1.6 35 1.7 0.41
7  Methyl isobutyl ketone 1.16 – 59 0.70 47 0.85 0.79
8  Dichrolomethane 1.34 1.22 110 0.31 62 1.1 0.56
9  Diisopropyl ether 1.88 – 88 2.5 72 3.9 0.81
10  Toluene 2.54 1.31 82 2.1 77 1.6 0.94
11  Cyclohexane 3.18 1.33 79 2.9 71 2.2 0.90
12  Hexane 3.90 1.35 77 3.1 66 4.9 0.85
a Swelling ratio: the difference of the length between PDMS in the solvent and the dry PDMS [Ref. [27]].
b Residual ratio: the ratio of the solvent amount in the PDMS stir bar between before SA-SBSE and after SA-SBSE.
Table 2
Selected aroma compounds, log Kow, selected ions, relative peak ratio of SBSE and SA-SBSE, linearity, concentration, and repeatability obtained for SA-SBSE-LD-LVI-GC–MS
of  beer.
No. Compound log Kow m/zd Relative peak ratioe Quantitation by SA-SBSE using DIPE
SBSE SA-SBSE r2i Concentration
(ng/mL)
RSD (%)j
(n = 6)
DCMf DIPEg CyHxh
1 2,3-Butanediol −0.36 45 1.0 11 27 1.0 – – 6.2
2  Maltol −0.19 126 1.0 22 5.4 0.63 0.9919b 410 6.9
3  Methionol 0.44 106 1.0 16 17 1.7 0.9929b 1100 6.3
4  Furfuryl alcohol 0.45 98 1.0 12 21 1.8 – – 6.3
5  2-Acetyl pyrrole 0.56 109 1.0 13 9.2 1.5 – – 4.8
6  2-Acetyl furan 0.80 110 1.0 10 3.9 1.9 – – 7.3
7  Furaneol 0.82 128 1.0 33 22 1.4 0.9959b 150 6.2
8  2-Methyl propanoic acid 1.00 73 1.0 6.8 25 2.0 0.9907c 1700 5.1
9  Vanillin 1.05 152 1.0 8.2 1.4 1.5 0.9941a 3.7 2.5
10  Butanoic acid 1.07 60 1.0 3.8 12 2.7 0.9962c 1100 5.3
11  Guaiacol 1.34 124 1.0 4.6 9.6 2.0 0.9985a 1.6 8.0
12  3-Methyl butanoic acid 1.56 60 1.0 9.1 25 2.1 0.9863b 1500 3.8
13  Phenethyl alcohol 1.57 122 1.0 6.8 6.8 1.8 0.9920c 5000 3.7
14  1-Hexanol 1.82 56 1.0 2.3 3.6 2.4 0.9958a 15 2.6
15  Hexanoic acid 2.05 60 1.0 5.3 6.5 1.9 0.9994c 1400 3.6
16  Indole 2.05 117 1.0 1.7 2.1 1.2 0.9930a 1.2 5.4
17  -Nonalactone 2.08 85 1.0 1.8 2.2 1.2 0.9917a 32 3.4
18  4-Vinyl guaiacol 2.24 150 1.0 2.3 2.6 1.5 – – 2.1
19  4-Vinyl phenol 2.41 120 1.0 4.8 7.8 1.4 – – 2.3
20  Phenethyl acetate 2.57 104 1.0 0.90 1.0 1.0 0.9970c 1000 1.8
21  Ethyl hexanoate 2.83 88 1.0 0.55 0.87 1.0 0.9986b 170 3.2
22  Octanoic acid 3.03 60 1.0 2.1 3.2 1.0 0.9901b 2000 3.2
23  Linalool 3.38 93 1.0 0.71 0.89 0.95 0.9951a 1.1 4.6
24  Nonanoic acid 3.52 60 1.0 1.8 2.4 1.2 – – 4.0
25  Citronellol 3.56 95 1.0 0.63 0.85 1.0 0.9939a 1.4 8.7
26  Ethyl octanoate 3.81 88 1.0 0.27 0.67 0.75 0.9953b 440 3.7
27  Decanoic acid 4.02 60 1.0 2.3 4.1 3.9 0.9891b 390 3.7
28  -Damascenone 4.21 190 1.0 0.42 0.72 0.79 0.9959a 1.4 8.0
a Linearity range was 1–40 ng/mL.
b Linearity range was 200–4000 ng/mL.
c Linearity range was 1000–10000 ng/mL.
d Selected ions for relative peak ratio, quantitation, and repeatability.
e Relative peak ratio of SBSE and SA-SBSE (normalized by SBSE peak area).
f SA-SBSE using dichloromethane.
g SA-SBSE using diisopropyl ether.
s
L
r
t
s
P
i
wh SA-SBSE using cyclohexane.
i Linearity of the standard addition calibration method.
j Repeatability.
olvent do not inﬂuence the ability of the polymer for extraction.
iquid desorption of a PDMS stir bar followed by reconditioning and
euse has been intensively used and shows that the PDMS charac-
eristics are not altered by this procedure. To investigate potential
olvents for SA-SBSE, the amount of absorbed solvent in the swollen
DMS stir bar before and after SA-SBSE was measured by weigh-
ng. Twelve solvents covering a log Kow range from −0.24 to 3.90
ere selected, including namely acetone (log Kow: −0.24), acetoni-trile (log Kow: −0.15), methyl acetate (log Kow: 0.37), ethyl acetate
(log Kow: 0.86), tetrahydrofuran (THF) (log Kow: 0.94), diethyl ether
(log Kow: 1.05), methyl isobutyl ketone (MIBK) (log Kow: 1.16),
dichloromethane (log Kow: 1.34), diisopropyl ether (log Kow: 1.88),
toluene (log Kow: 2.54), cyclohexane (log Kow: 3.18), and hexane
(log Kow: 3.90). Triplicate measurements were performed using
different stir bars but having the same production lot and batch
number. In SBSE, besides the log Kow of the solute, there are
N. Ochiai et al. / J. Chromatogr. A 1455 (2016) 45–56 49
Table  3
Detected pesticides, log Kow, retention time, selected transitions, relative peak ratio of SBSE and SA-SBSE, linearity, concentration, and repeatability obtained for SA-SBSE-
TD-GC–MS/MS of wine.
No. Compound log Kow RT (min) Target
transitione
(m/z → m/z)
Relative peak ratiof Quantitation by SA-SBSE using DCM
SBSE SA-SBSE r2j Concentration
(pg/mL)
RSD (%)
k(n = 6)
DCMg DIPEh CyHxi
1 Azoxystrobin 1.58 23.44 344.0 → 329.0 1.0 1.8 1.8 1.8 0.9994c 460 7.7
2  Metalaxyl 1.70 13.73 234.0 → 146.0 1.0 4.6 2.9 2.4 0.9984c 670 2.6
3  Ethiofencarb 2.04 13.16 168.0 → 77.0 1.0 1.7 1.3 1.3 0.9998a 6.7 6.1
4  Carbaryl 2.35 13.69 144.0 → 115.0 1.0 1.8 1.8 1.5 0.9971b 21 7.9
5  Dimethomorph Z/E 2.36 23.62/24.07 301.0 → 165.0 1.0 2.7 2.3 2.3 0.9939c 9600d 8.2
6  Procymidone 2.59 15.41 283.0 → 96.0 1.0 1.0 1.0 1.2 0.9935b 26 1.9
7  Dichlobenil 2.70 7.66 171.0 → 100.0 1.0 1.2 2.2 1.7 0.9951a 2.1 8.5
8  Iprodione 2.85 18.54 314.0 → 245.0 1.0 1.4 1.4 1.4 0.9948c 17000d 8.9
9  Triadimefon 2.94 14.59 208.0 → 181.0 1.0 1.1 1.1 1.2 0.9987b 31 4.2
10  Triadimenol I/II 2.95 15.41/15.56 168.0 → 70.0 1.0 2.0 1.9 1.7 0.9995c 1600 3.0
11  Pyrimethanil 3.19 12.58 199.0 → 198.0 1.0 4.4 2.8 2.7 0.9971c 17000d 2.5
12  Metolachlor 3.24 14.34 238.0 → 162.0 1.0 1.3 1.7 1.2 0.9981a 3.8 11
13  Iprodione (metabolite) 3.24 19.23 329.0 → 142.0 1.0 1.8 2.2 1.5 0.9965c 1500 6.2
14  o-phenylphenol 3.28 9.61 170.0 → 169.0 1.0 1.0 1.3 1.4 0.9913b 14 9.9
15  Diphenylamine 3.29 10.79 168.0 → 167.0 1.0 0.93 1.2 1.3 0.9979b 17 9.2
16  Diethofencarb 3.29 14.39 267.0 → 225.0 1.0 1.2 1.1 1.3 0.9998b 88 2.8
17  Paclobutrazol 3.36 15.79 236.0 → 125.0 1.0 3.2 4.5 3.4 0.9847a 4.2 12
18  Fludioxonil 3.36 16.13 248.0 → 127.0 1.0 1.3 1.3 1.2 0.9991c 1200 3.2
19  Epoxiconazole 3.47 18.36 192.0 → 138.0 1.0 1.1 0.96 1.2 0.9990a 6.8 4.4
20  Myclobutanil 3.50 16.4 179.0 → 125.0 1.0 1.5 1.3 1.4 0.9991c 290 3.5
21  Benalaxyl 3.69 17.58 266.0 → 148.0 1.0 0.98 0.98 1.2 0.9985c 270 3.9
22  Tebuconazole 3.89 18.1 250.0 → 125.0 1.0 1.2 1.2 1.3 0.9994c 110 3.6
23  Cyprodinil 3.99 15.05 225.0 → 224.0 1.0 1.7 1.4 1.7 0.9997c 220 2.8
24  Bitertanol I/II 4.07 20.44/20.55 170.0 → 115.0 1.0 5.5 7.3 4.6 0.9986a 6.3 11
25  Fenbuconazole 4.23 21.03 198.0 → 129.0 1.0 1.4 1.2 1.5 0.9994b 10 5.3
26  Tetraconazole 4.25 14.58 336.0 → 218.0 1.0 1.4 1.2 1.2 0.9952b 22 8.4
27  Chlorpyrifos 4.66 14.37 314.0 → 258.0 1.0 1.8 2.8 1.8 0.9941a 1.4 11
28  Penconazol 4.67 15.15 248.0 → 157.0 1.0 1.2 1.1 1.2 0.9995a 4.3 8.2
29  Flusilazole 4.89 16.44 233.0 → 165.0 1.0 1.1 1.0 1.2 0.9983b 47 6.9
30  Difenoconazole I/II 5.20 22.85 323.0 → 265.0 1.0 1.8 1.5 1.6 0.9918b 31 9.1
31  Pyraclostrobin 5.45 22.441 164.0 → 132.0 1.0 2.7 4.3 2.7 0.9948b 67 2.6
32  Kresoxim-methyl 5.88 16.46 206.0 → 116.0 1.0 0.92 0.99 1.2 0.9962c 260 4.0
33  Flucythrinate I/II 6.56 21.52/21.72 199.0 → 107.0 n.d. – – – 0.9945b 36 16
a Linearity range was 1–50 pg/mL.
b Linearity range was 10–200 pg/mL.
c Linearity range was 200–2000 ng/mL.
d 50-fold diluted sample was used for qunatitation.
e Selected transitions for relative peak ratio, quantitation, and repeatability.
f Relative peak ratio of SBSE and SA-SBSE (normalized by SBSE peak area).
g SA-SBSE using dichloromethane.
h SA-SBSE using diisopropyl ether.
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ri SA-SBSE using cyclohexane.
j Linearity of the standard addition calibration method.
k Repeatability.
everal important parameters that inﬂuence the extraction efﬁ-
iency, including phase ratio (: sample volume/PDMS volume),
xtraction time, stirring speed, salt addition, organic modiﬁer addi-
ion, pH adjustment, etc. For high extraction efﬁciencies of polar
olutes (e.g. log Kow < 3.0), smaller phase ratio and salt addition
re often required [7,8]. Therefore, a 63 L PDMS stir bar and
 mL  of water (corresponding to  = 79) including 30% NaCl were
sed. SA-SBSE was performed for 1 h while stirring at 800 rpm. The
nitial solvent swelling process of the PDMS stir bar and the SA-
BSE procedure were described in the Section 2.3. A conditioned
DMS stir bar in a sealed HS vial was initially weighed as refer-
nce. Then, the solvent swollen PDMS stir bar in the sealed HS vial
as weighed just after the solvent swelling process. Finally, the
olvent swollen PDMS stir bar in the sealed HS vial was weighed
ust after SA-SBSE. This allowed us to measure the Solvent absorbed
PDMS absorbedsolvent − PDMS initial) and the Solvent residual (PDMS
esidual solvent − PDMS initial).Table 1 shows the amount of the absorbed solvent in the swollen
PDMS stir bar before and after SA-SBSE and residual ratio (R ratio:
the ratio of the solvent amount in the PDMS stir bar between
before SA-SBSE and after SA-SBSE). The R ratio was  calculated as
Solvent residual/Solvent absorbed. Swelling ratio (S ratio) as described
in Ref. [27] is also shown in Table 1. Triplicate measurements of
the solvent swollen PDMS stir bar using weighing showed good
repeatability with relative standard deviation (RSD) values in the
range of 0.06–4.90% for all test solvents. As expected, the amount of
absorbed solvent in the swollen PDMS stir bar before SA-SBSE gen-
erally increased with an increase of swelling ratio. Solvents with
swelling ratio ranging from 1.18 to 1.38 gave the relatively higher
amounts of Solvent absorbed ranging from 59 to 110 mg, while sol-
vents with low swelling ratio such as acetonitrile (1.01) and acetone
(1.06) gave lower amounts of 20 mg  and 21 mg,  respectively. After
SA-SBSE, the amount of the Solvent residual and the R ratio in the
swollen PDMS stir bar generally decreased with decrease of the
log Kow value. Although THF (S ratio: 1.38) gave the second high-
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st amount (100 mg)  of the absorbed solvent before SA-SBSE, the
ratio was quite low with 0.056 due to its low log Kow value of
.940. Solvents with log Kow > 1.0 showed the R ratio ranging from
.41 to 0.94, while solvents log Kow < 1.0 showed the R ratio < 0.070
except for ethyl acetate at 0.20). Therefore, eight solvents (ethyl
cetate, diethyl ether, methyl isobutyl ketone, dichloromethane,
iisopropyl ether, toluene, cyclohexane, and hexane) with a Rratio
 0.20 were selected as potential solvents for further study.
.1.2. Comparison of extraction efﬁciency and uptake rate
etween SBSE and SA-SBSE
To investigate extraction efﬁciency of SA-SBSE, the recovery
btained by SA-SBSE using the eight solvents with log Kow rang-
ng from 0.86 (ethyl acetate) to 3.90 (hexane) for twelve test
olutes with log Kow ranging from 0.56 (2-acetyl pyrrole) to 4.21
-damascenone) in water were compared with those obtained by
onventional SBSE. All SBSE conditions were performed for 1 h in
uplicate. The concentration of the test solutes was 5 ng/mL each.
he recovery was calculated by comparing peak areas with those
f a calibration curve prepared by direct liquid injection of a stan-
ard solution injected into the TDU through a septum head. Fig. 2
hows the recoveries between conventional SBSE and SA-SBSE with
he eight selected solvents for each test solute. Deviation between
uplicate analyses were less than 10%. For conventional SBSE,
olutes with log Kow > 2.5 (phenethyl acetate, linalool, citronellol,
nd -damascenone) showed recoveries higher than 80%, while
he solutes with log Kow < 2.5 showed low recoveries, especially for
-acetyl pyrrole (log Kow: 0.56, recovery: 6.8%), 2-acetyl thiazole
log Kow: 0.67, recovery: 18%), benzyl alcohol (log Kow: 1.08, recov-
ry: 11%), guaiacol (log Kow: 1.34, recovery: 21%), and phenethyl
lcohol (log Kow: 1.57, recovery: 15%). SA-SBSE using several sol-
ents signiﬁcantly improved the recoveries for the solutes with
og Kow < 2.5. Especially dichloromethane (log Kow: 1.34) provided
nhanced recoveries for all solutes with log Kow < 2.5 by factors of
.4–4.1, while maintaining or even improving the recoveries for the
olutes with log Kow > 2.5. These recoveries are the highest or sec-
nd highest recoveries for all test conditions. SA-SBSE using methyl
sobutyl ketone (log Kow: 1.16), diisopropyl ether (log Kow: 1.88),
nd toluene (log Kow: 2.54) also improved the recoveries for sev-
ral solutes with log Kow < 2.5, e.g. 2-acetyl pyrrole (from 6.8% to
0–21%), guaiacol (from 21% to 50–62%), phenethyl alcohol (from
5% to 35–50%), and indole (from 51% to 77–86%). However, the
ecoveries of cis-3-hexenol and linalool were decreased from 31%
o 8.1–24%, and from 82% to 52–68%, respectively. This deviating
ehavior of cis-3-hexanol and linalool, two unsaturated aliphatic
lcohols, cannot be explained. SA-SBSE using diethyl ether (log Kow:
.05) showed a similar trend but without any decreased recoveries
f the test solutes. SA-SBSE using ethyl acetate which has the low-
st log Kow of 0.86 showed decreased recoveries for several solutes
ith log Kow < 2.5 such as 2-acetyl pyrrole (from 6.8% to 3.6%), 2-
cetyl thiazole (from 18% to 12%), benzyl alcohol (from 11% to 5.2%),
oumarin (from 38% to 20%), and cis-3-hexenol (from 31% to 16%),
hile maintaining the recoveries for the rest of the solutes. SA-
BSE using relatively apolar solvents such as cyclohexane (log Kow:
.18) showed similar recoveries with those of conventional SBSE
r slightly increased recoveries (by a factor of 1.1–1.3) for nine test
olutes, while decreasing the recoveries for three solutes namely
oumarin, cis-3-hexenol, and linalool. SA-SBSE using hexane (log
ow: 3.90) showed a similar trend. Consequently, SA-SBSE using
elatively polar solvents with log Kow ranging from 1.05 (diethyl
ther) to 2.54 (toluene) enhance best the extraction efﬁciencies of
olar solutes with log Kow < 2.5 in aqueous sample. These solvents
ct not only as a modiﬁer of the PDMS phase (increasing diffusion),
ut also as an additional extraction medium from the swollen PDMS
hase. Fig. 3 shows an extraction model of SA-SBSE. For SA-SBSE
sing a solvent with log Kow < 1.0 (Fig. 3a), e.g. ethyl acetate, the. A 1455 (2016) 45–56
residual solvent in the swollen PDMS phase largely diffuses into the
sample solution and the equilibrium (of the solvent between PDMS
phase and sample solution) is biased toward sample solution, while
increasing the solubility of solutes with log Kow < 2.5 in the aqueous
sample. This explains the low gain in extraction yield using these
solvents. For SA-SBSE using a solvent with log Kow in the range of
1.0–3.0 (Fig. 3b), e.g. dichloromethane, more solvent is retained in
the PDMS phase, resulting in high recoveries for solutes with log
Kow < 2.5. Both extraction phase polarity and volume (phase ratio)
are changed, resulting in the highest gain in extraction efﬁciency.
For SA-SBSE using a solvent with log Kow > 3 (Fig. 3c), e.g. cyclohex-
ane, the residual solvent in the swollen PDMS phase partition less
into the sample solution. The recovery of polar solutes is mainly
based on the increase of extraction medium volume, but not on the
polarity of the phase.
Since the extraction efﬁciency depends on the log Kow of the sol-
vent in SA-SBSE, the uptake rate of SA-SBSE using three solvents,
dichloromethane (log Kow: 1.34), diisopropyl ether (log Kow: 1.88),
and cyclohexane (log Kow: 3.18) and conventional SBSE were also
compared. Six extraction times between 1 and 60 min were per-
formed in duplicate. Fig. 4 illustrates a comparison of the uptake
rate (extraction time proﬁles) of six solutes with log Kow ranging
from 0.67 (2-acetyl thiazole) to 3.56 (citronellol). It is interest-
ing to observe that the uptake rates of SA-SBSE clearly differed
from those of conventional SBSE for all test solutes. Generally,
SA-SBSE reached the equilibrium earlier (30–45 min) than con-
ventional SBSE (45–60 min), while recoveries were signiﬁcantly
higher amounts for solutes with log Kow < 2.5 (especially using
dichloromethane and diisopropyl ether). Although SA-SBSE using
diisopropyl ether and cyclohexane reached the equilibrium earlier
for linalool, conventional SBSE ﬁnally reached higher recovery at
60 min. Consequently, SA-SBSE using relatively polar solvents not
only provides higher partitioning coefﬁcients (from aqueous sam-
ple to swollen PDMS) but also higher diffusion constants of the
solutes (in swollen PDMS and aqueous sample).
3.2. Application of SA-SBSE to real samples
To outline the improved performance of SA-SBSE for polar com-
pounds in real samples, beer ﬂavor and white wine contaminants
were analyzed to demonstrate detection of a wide variety of com-
pounds in the pg/mL (ppt) to g/mL (ppm) range. Conventional
SBSE was also performed as comparison.
3.2.1. Analysis of aroma compounds in beer by
SA-SBSE-LD-LVI-GC–MS
One of the advantages of SBSE using PDMS is the targeted extrac-
tion of relatively apolar and GC amenable solutes from aqueous
food matrices without enrichment of non-volatile solutes such as
amino acids, sugars, polyphenols, etc. Therefore, thermal desorp-
tion (TD) can be used for SBSE without a risk of heat-induced
artifact formation (e.g. Maillard reactions). SBSE has been applied
to analysis of aroma/off-ﬂavor compounds in beer [28–30]. How-
ever, SA-SBSE may  have the potential to extract precursors of
heat-induced artifacts (e.g. polyphenols), which can be extracted
with traditional liquid–liquid extraction (LLE). From the prelimi-
nary test of beer with SA-SBSE using dichloromethane followed by
TD-GC–MS analysis, several phenolic compounds including a typ-
ical aroma compound such as guaiacol were clearly detected and
guaiacol showed about 20 times higher “concentration” by stan-
dard addition calibration, compared to that of SBSE. This might
be due to thermal degradation of polyphenols which are extracted
in the solvent swollen PDMS stir bar. To minimize a risk of heat-
induced artifact formation, liquid desorption (LD) followed by large
volume injection (LVI) at moderate temperature (80 ◦C) was  used
for SA-SBSE analysis of beer.
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IBK:  SA-SBSE using methyl isobutyl ketone, DCM: SA-SBSE using dichloromethane
yclohexane, Hx: SA-SBSE using hexane. n/a: not available due to blank value in theThe presence of a relatively high level of ethanol in beer (e.g.
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nt.a swollen PDMS stir bar. SA-SBSE using dichloromethane (log Kow:
1.34), diisopropyl ether (log Kow: 1.88), and cyclohexane (log Kow:
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Fig. 3. Extraction model of SA-SBSE for solutes with log Kow < 2.0 in aqueous sample.
F etwee
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sig. 4. A comparison of the uptake rate (extraction time proﬁle) of six test solutes b
yHx:  cyclohexane.
.18) were ﬁrst performed for a 5% ethanol-water sample to inves-
igate the R values. SA-SBSE using dichloromethane showedratio
 slightly lower R ratio of 0.51 than that of 100% water sample
R ratio: 0.56) due to its relatively higher water solubility in the
elected solvents; however SA-SBSE using diisopropyl ether andn SA-SBSE and conventional SBSE. DCM: dichloromethane, DIPE: diisopropyl ether,
cyclohexane showed the same R ratio values of 0.81 and 0.90,
respectively. Therefore, SA-SBSE using these three solvents were
performed for the beer sample. Fig. 5 illustrates a comparison of a
major part of the total ion chromatogram (TIC) between SA-SBSE
using dichloromethane (a), SA-SBSE using diisopropyl ether (b), SA-
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hig. 5. A comparison of the total ion chromatogram (TIC) between SA-SBSE and con
c)  SA-SBSE using cyclohexane, (d) Conventional SBSE.
BSE using cyclohexane (c), and conventional SBSE (d). The relative
eak ratio of SBSE and SA-SBSE (normalized to SBSE peak area) of
8 selected aroma compounds (log Kow: −0.45–4.21) are listed in
able 2. The compositions of TICs between SA-SBSE and conven-
ional SBSE clearly differed both qualitatively and quantitatively.
t is interesting to observe that several aroma compounds with
og Kow < 2.0, e.g. 2,3-butanediol (1; butter; log Kow: −0.36), mal-
ol (2; caramel; log Kow: −0.19), 2-acetyl pyrrole (5; nutty; log Kow:
.56), methionol (3; baked vegetable; log Kow: 0.44), furfuryl alco-
ol (4; burnt sugar; log Kow: 0.45), 2-acetyl furan (6; toasty; lognal SBSE. (a) SA-SBSE using dichloromethane, (b) SA-SBSE using diisopropyl ether,
Kow: 0.80), 3-methyl butanoic acid (12; cheese; log Kow: 1.56), and
phenethyl alcohol (13; rose; log Kow: 1.57), are more intense in
chromatograms (a) and (b) compared to chromatograms (c) and
(d). The relative peak ratio of these peaks in the chromatogram (a)
and (b) are 3.9–27 times greater than those in the chromatogram
(d). It is also clear that some of these compounds such as 2-acetyl
pyrrole, guaiacol, and phenethyl alcohol, which have been used
as test solutes for the spiked water in the Section 3.1.2, showed
greater differences of the relative peak ratio between SA-SBSE
and conventional SBSE, resulting in higher extraction efﬁciencies
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3.2.2. Analysis of pesticides in wine by SA-SBSE-TD-GC–MS/MSig. 6. A comparison of the selected reaction monitoring (SRM) chromatogram be
yHx:  cyclohexane.
ompared to those with the spiked water sample (see the Section
.1.2 and Fig. 2). Consequently, SA-SBSE using dichloromethane and
iisopropyl ether signiﬁcantly improve the extraction efﬁciencies
f polar solutes in beer matrices, while compensating the nega-
ive matrix effect from 5% ethanol observed in conventional SBSE.
lthough all SA-SBSE conditions showed higher extraction efﬁ-
iency for C8–C10 fatty acids having polar carboxylic function even
ith log Kow ranging from 3.03 to 4.02, conventional SBSE showed
igher extraction efﬁciencies for several apolar aroma compounds
uch as linalool (23; ﬂoral; log Kow: 3.38), ethyl octanoate (26;
ruity; log Kow: 3.81), and -damascenone (28; honey; log Kow:
.21).Repeatability tests of the 28 aroma compounds and quantitation
f 21 compounds were carried out with SA-SBSE using diisopropyl
ther in six replicate analyses. Five points of standard addition cal-
bration curves between 1 and 40 ng/mL or 200 and 4000 ng/mL SA-SBSE and conventional SBSE. DCM: dichloromethane, DIPE: diisopropyl ether,
or 1000 and 10000 ng/mL were used for the quantitation. Good
repeatability with RSDs smaller than 8.0% was obtained for all com-
pounds. The linearity was also good with r2 higher than 0.99 for 19
compounds. The r2 values for 3-methyl butanoic acid and decanoic
acid were 0.9863 and 0.9891, respectively. The determined values
were in the range of 1.1–5000 ng/mL. Selected aroma compounds,
log Kow, selected ions, relative peak ratio of SBSE and SA-SBSE,
linearity, concentration, and repeatability are all summarized in
Table 2.SBSE has been used for several types of wine analyses includ-
ing pesticide analysis [31,32]. SBSE can be applied to non-diluted
wine samples including 10–15% ethanol, and allows thermal des-
orption (TD) into GC system. SA-SBSE has the potential to extract
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igher amounts of polar volatile matrices such as fusel alcohols,
atty acids, and oxygen-containing aromatics, which may  cause
verloading of the column and retention time shift when combined
ith TD followed by PTV splitless injection into GC system. These
excess” matrices may  also reduce cleanliness of TD system. To pre-
ent these matrix effects, wine was 5-fold diluted with water before
A-SBSE, resulting in 2.5% ethanol. SA-SBSE was  performed with
ichloromethane, diisopropyl ether, and cyclohexane. Thirty three
esticides (including 27 fungicides, 4 insecticides, and 2 herbicides)
ith log Kow in the range of 1.58–6.56 were positively detected
ith all SA-SBSE conditions using the intelligent MRM  pesticide
atabase (Agilent). Although 32 pesticides were also detected with
onventional SBSE, the relative peak ratio of those pesticides were
ostly lower than those of SA-SBSE (Table 3). Fig. 6 illustrates a
omparison of the SRM chromatogram between SA-SBSE and con-
entional SBSE for representative pesticides. All SA-SBSE conditions
enerally enhanced the extraction efﬁciencies not only for rela-
ively polar pesticides with log Kow < 3.0 such as metalaxyl (log Kow:
.70) and dimethomorph isomers (log Kow: 2.36) but also for apolar
esticides with log Kow > 3.0 such as paclobutrazol (log Kow: 3.36),
hlorpyrifos (log Kow: 4.66), and pyraclostrobin (log Kow: 5.45).
lthough salt addition in conventional SBSE decreases the extrac-
ion efﬁciencies of more hydrophobic (apolar) solutes [33,34], all
A-SBSE conditions compensate the negative effect of salt addi-
ion. Consequently, SA-SBSE using dichloromethane, diisopropyl
ther, and cyclohexane provides better opportunities to detect a
ide range of pesticides in wine compared to conventional SBSE.
uantitation of the detected 33 pesticides was carried out with SA-
BSE using dichloromethane in six replicate analyses. Five points
f standard addition calibration curves between 1 and 50 pg/mL
r 10 and 200 pg/mL or 200 and 2000 pg/mL were used for the
uantitation. Good repeatability with RSD of less than 10% was
btained for 27 compounds. The RSD values for the other 5 pesti-
ides were in the range of 11–16%. The linearity was also good with
2 higher than 0.9913 for 32 pesticides. The linearity for pacrobu-
razol was r2 of 0.9847. The determined values were in the range of
.4–17000 pg mL−1. Detected pesticides, log Kow, relative peak ratio
f SBSE and SA-SBSE, selected transitions, linearity, concentration,
nd repeatability are summarized in Table 3.
. Conclusion
A new SBSE method referred to as solvent-assisted (SA)-SBSE
as been developed. SA-SBSE using a solvent swollen PDMS stir
ar with solvents within the log Kow: 1.0–3.0 range can enhance the
xtraction efﬁciencies of polar solutes with log Kow < 3.0 in aque-
us sample. The performance of the method was  demonstrated
y SA-SBSE-LD-LVI-GC–MS analysis of aroma compounds in beer
nd by SA-SBSE-TD-GC–MS/MS analysis of pesticides in wine. For
roma compound analysis in beer, SA-SBSE using dichloromethane
nd diisopropyl ether provided improved sensitivities especially
or compounds with log Kow < 2.0 at ng/mL to g/mL, while com-
ensating the negative effect of 5% ethanol. For pesticide analysis
f wine, SA-SBSE using dichloromethane, diisopropyl ether, and
yclohexane offered improved sensitivities not only for polar pes-
icides with log Kow < 3.0 but also for apolar pesticides with log Kow
p to 6.56 at pg/mL to ng/mL, while compensating the negative
ffect of salt addition to apolar pesticides.
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